The Bacillus licheniformis 749/I BlaI repressor is a prokaryotic regulator that, in the absence of a β-lactam antibiotic, prevents the transcription of the blaP gene, which encodes the BlaP β-lactamase. The BlaI repressor is composed of two structural domains. The 82-residue NTD (N-terminal domain) is a DNAbinding domain, and the CTD (C-terminal domain) containing the next 46 residues is a dimerization domain. Recent studies have shown the existence of the monomeric, dimeric and tetrameric forms of BlaI in solution. In the present study, we analyse the equilibrium unfolding of BlaI in the presence of GdmCl (guanidinium chloride) using different techniques: intrinsic and ANS (8-anilinonaphthalene-l-sulphonic acid) fluorescence, far-and near-UV CD spectroscopy, cross-linking, analytical ultracentrifugation, size exclusion chromatography and NMR spectroscopy. In addition, the intact NTD and CTD were purified after proteolysis of BlaI by papain, and their unfolding by GdmCl was also studied. GdmCl-induced equilibrium unfolding was shown to be fully reversible for BlaI and for the two isolated fragments. The results demonstrate that the NTD and CTD of BlaI fold/unfold independently in a four-step process, with no significant cooperative interactions between them. During the first step, the unfolding of the BlaI CTD occurs, followed in the second step by the formation of an 'ANS-bound' intermediate state. Crosslinking and analytical ultracentrifugation experiments suggest that the dissociation of the dimer into two partially unfolded monomers takes place in the third step. Finally, the unfolding of the BlaI NTD occurs at a GdmCl concentration of approx. 4 M. In summary, it is shown that the BlaI CTD is structured, more flexible and less stable than the NTD upon GdmCl denaturation. These results contribute to the characterization of the BlaI dimerization domain (i.e. CTD) involved in the induction process.
INTRODUCTION
The Bacillus licheniformis 749/I BlaI repressor is a prokaryotic regulator that, in the absence of a β-lactam antibiotic, prevents the transcription of the blaP gene, which encodes the BlaP β-lactamase. In the presence of an antibiotic, BlaI is inactivated and the BlaP β-lactamase is induced [1, 2] . The model which has been proposed to explain the induction of BlaP β-lactamase in B. licheniformis 749/I is summarized in Figure 1 [3] . BlaI is a cytoplasmic 128-amino-acid protein composed of two distinct domains: an N-terminal domain (BlaI-NTD: residues 1-82), which contains the DNA-binding motif, and a C-terminal domain (BlaI-CTD: residues 83-128), which is involved in BlaI homodimerization [8] . The dissociation constant (K d ) of the purified BlaI dimer was estimated to be 25 µM by AU (analytical ultracentrifugation) [9] . DNase footprinting experiments have revealed the presence of three regulatory regions that are specifically recognized by BlaI [2] . Two adjacent operators are present in the blaP promoter (OP 1 and OP 2 ), and one in the blaI-blaR1 promoter (OP 3 ). These operators possess a 23-bp-long dyad symmetry, and exhibit the consensus sequence 5 -aaAgTaTTACAtaTGTAagNtTt-3 [3] (where the upper-and lower-case letters show conserved and non-conserved bases respectively). By using fluorescent band-shift assays, we suggested that the BlaI dimer recognizes its operators with a distinct global dissociation constant of 10 −15 -10 −14 M 2 [9] . BlaI can be hydrolysed by papain, yielding the NTD and CTD domains. BlaI-NTD has been purified by ion-exchange chromatography [10, 11] . During this purification step, BlaI-CTD is lost. It is supposed that, during the separation process, BlaI-CTD multimerizes and becomes insoluble (C. Vreuls, unpublished work).
The full-length BlaI, as well as BlaI-NTD, has been studied by NMR spectroscopy [11] . The similarities between BlaI and BlaI-NTD 1 H/ 15 N-HSQC (heteronuclear single-quantum coherence spectra) show that the N-terminal part constitutes an independent structural domain. The BlaI-NTD structure was solved by NMR, which revealed that BlaI-NTD belongs to the winged-helix proteins subfamily, which are member of the DNA-recognition helix-turn-helix superfamily [12] . On the other hand, all resonances corresponding to the CTD (amino acids 82-128) were broad, poorly resolved and located in the region of the spectra corresponding to an unfolded polypeptide chain. These results suggest that BlaI-CTD is largely unfolded or highly flexible in comparison with the NTD. Recent X-ray crystallographic data obtained with the Staphylococcus aureus MecI repressor, a protein homologous with BlaI, show that MecI forms a dimer composed The B. licheniformis BlaP β-lactamase is inducible by a β-lactam antibiotic (the inducer) [2] . The regulation of β-lactamase production involves three regulatory genes, blaI, blaR1 and blaR2. The first two genes encode a repressor and a penicillin-sensory transducer respectively ( [4] , but see [4a] ), whereas the third gene is not identified yet. (A) In the absence of a β-lactam antibiotic, the BlaI repressor is bound as a dimer to three operator sequences (OP 1 , OP 2 and OP 3 ) located in the intergenic region between blaP and blaI-blaR operon. Bound to DNA, BlaI prevents the transcription of the blaP, blaI and blaR1 genes ( [4] , but see [4a] ), [5] . (B) When a β-lactam antibiotic is added in the medium, the extracellular penicillin-binding domain of BlaR (BlaR-CTD) is acylated by the antibiotic [6] , and a signal is transduced through the transmembrane segment resulting in the activation of the intracellular metalloprotease domain by proteolysis [7] . In B. licheniformis, it has been postulated that the activated metalloprotease converts a pro-coactivator into a co-activator, whose final target is BlaI itself. The BlaI dimer complexed with the co-activator is then released from its operator and β-lactamase is produced at high level ( [4] , but see [4a] ). The product of blaR2 is necessary for the induction process; it is postulated that it can be involved in the activation of the intracellular domain of the BlaR receptor or in the production of the pro-coactivator [3] .
of two independent winged-helix domains and two intertwining dimerization domains. Each NTD binds a palindromic DNA operator half-site, and each CTD is composed of three α-helices held together by hydrophobic forces (Figure 2 ) [13, 14] .
In order to obtain more structural information about the BlaI CTD, we have investigated the GdmCl (guanidinium chloride)-dependent unfolding pathway of BlaI, and of its separated domains. GdmCl-induced unfolding was monitored by several techniques: intrinsic and ANS (8-anilinonaphthalene-l-sulphonic acid) fluorescence, far-and near-UV CD spectroscopy, crosslinking, AU, SEC (size-exclusion chromatography) and NMR spectroscopy. These experiments have generated complementary data that lead us to propose a multi-step process for BlaI unfolding. All changes were found to be reversible, and the proposed model contains four different steps in which the two BlaI domains sequentially and independently unfold. The implications of these results on the induction process are also discussed.
MATERIALS AND METHODS

Reagents
GdmCl (> 99 %) and ANS were purchased from Aldrich. Urea (> 99 %) was from Merck, and CHAPS was from Boehringer. DSP [dithiobis(succinimidyl propionate)] was from Pierce. Ni-NTA (Ni 2+ -nitrilotriacetate) agarose was obtained from Affiland. Superdex 75 for gel filtration was purchased from Amersham Biosciences. All solutions were prepared with Milli-Q water and filtered through 0.22 µm pore size membranes (Millipore) before use. All others reagents were of analytical grade.
Expression and purification of BlaI and BlaI(His) 6 BlaI and BlaI(His) 6 , a BlaI recombinant protein with a C-terminal hexahistidine tag, were produced and purified as described previously [3, 10] . The uniformly 15 N-labelled BlaI sample was prepared as described previously [11] . The protein concentrations were determined using the bicinchoninic acid assay (Pierce), and by measuring the absorbance at 280 nm using a molar absorption coefficient of 16 600 M −1 · cm −1 .
Papain digestion and BlaI-NTD and BlaI-CTD(His) 6 purification
Purified BlaI(His) 6 in buffer A (50 mM phosphate buffer, pH 8.0, in the presence of 500 mM NaCl) was subjected to papain digestion at 28
• C (1% mol/mol) to generate BlaI-NTD (residues 1-82) and BlaI-CTD(His) 6 (residues 83-134) [11] . After an overnight incubation, cleavage was complete, and the two fragments were applied to a Ni-NTA column pre-equilibrated in buffer A. Under these conditions, BlaI-NTD was eluted in the void volume, whereas BlaI-CTD(His) 6 was retained on the column. The elution of BlaI-CTD(His) 6 was achieved by using buffer B (400 mM imidazole, pH 8.0, supplemented with 13 mM CHAPS). BlaI-NTD was dialysed against buffer C (50 mM phosphate, pH 7.6, supplemented with 200 mM KCl) and concentrated by ultrafiltration using a 5000 Da cut-off membrane (Millipore). BlaI-CTD(His) 6 was concentrated, and buffer B was exchanged against buffer C supplemented with 13 mM CHAPS by ultrafiltration using a 1000 Da cut-off membrane. Both fragments were characterized by MALDI-TOF MS (matrix-assisted laser-desorption ionization-time-of-flight MS), as described 40 ) is a type 1 turn connecting H2 and H3. The α-helices are in yellow the β-sheet is in red and the tryptophan residues are in black. (B) The S. aureus MecI dimer is composed of two independent winged-helix domains and of two intertwining dimerization domains. The overall fold topology of the NTD is H1-H2-H3-S1-W1-S2, and the CTD is composed of three consecutive α-helices H4-H5-H6 held together by two hydrophobic cores between H4 and H6 [13] . The first monomer is in blue. The NTD of the second monomer (residues 1-73) is in the same colours as BlaI-NTD, and the CTD (residues 74-123) is in green. The S. aureus BlaI and MecI repressors are 60 % identical when compared with each other, and 31-41 % identical when compared with the B. licheniformis BlaI repressor [14] .
previously [11] . N-terminal sequencing of BlaI-NTD and BlaI-CTD(His) 6 was performed using a Procise 492 pulsed liquidphase protein sequencer (Applied Biosystems) with 20-30 pmol of protein.
Unfolding and refolding studies
Unfolding experiments were performed at room temperature by incubating BlaI, BlaI-NTD and BlaI-CTD(His) 6 (at concentrations ranging from 2 µM to 400 µM) in their respective buffers in the presence of various GdmCl concentrations (for further details, see the Figure legends ). The GdmCl concentration was determined from refractive index measurements [15] using an Atago R5000 hand refractometer. Refolding studies were initiated by diluting 10 µl of the BlaI, BlaI-NTD or BlaI-CTD(His) 6 GdmCl-denatured samples (prepared as above at a 10-fold-higher protein concentration) with 90 µl of appropriate buffer.
Fluorescent band-shift assay
The fluorescent band-shift assays were performed as described previously [16] with the fluorescent, Cy5-labelled doublestranded oligonucleotide OP 1 (5 -Cy5-GCATTTAAATCTTACA-TATGTAATACTTTC-3 ).
Fluorescence measurements
Both intrinsic and ANS fluorescence emission spectra were recorded on a PerkinElmer LS50B spectrofluorimeter. Excitation and emission slit widths were 4 and 5 nm respectively, and the scan speed was 350 nm · min −1 . Cuvettes with 1 cm path-length were used.
Intrinsic fluorescence measurements were performed using an excitation wavelength of 280 or 295 nm, and the emission spectra were recorded from 300-420 nm. The protein (2 µM) was conditioned in buffer C supplemented with increasing concentrations of GdmCl. The spectra were measured ten times, averaged and corrected by subtraction of the solvent spectrum obtained under identical conditions. Two fluorescence parameters [17] were considered in the present study: the fluorescence intensity at single excitation and emission wavelengths, and the maximum emission wavelength (λ max ). The fraction of unfolded protein (F U ) at increasing GdmCl concentrations was calculated using the following equation [15] :
where f is the observed fluorescence intensity at a given GdmCl concentration, f U the fluorescence intensity when the protein is completely unfolded and f N the fluorescence intensity of the native protein.
ANS fluorescence measurements were performed using a protein concentration of 25 µM with an excitation wavelength of 370 nm. Emission spectra for BlaI-CTD(His) 6 were recorded from 420-600 nm in buffer C supplemented with 13 mM CHAPS. The fluorescence spectra were corrected for the background fluorescence of ANS. The ANS concentration (determined from the molar absorption coefficient of 5000 M −1 · cm −1 at 350 nm) was estimated to be 500 µM [18] .
CD measurements
CD measurements were performed using a Jobin-Yvon CD6 spectropolarimeter under constant nitrogen flow. In the far-UV region (195-260 nm), spectra were recorded in a 0.1 cm cell at protein concentrations of 0.5 mg · ml −1 , whereas in the near-UV region (250-300 nm), a 1 cm cell was used with a protein concentration of 1 mg · ml −1 . For BlaI-CTD(His) 6 experiments, Buffer C was used supplemented with 13 mM CHAPS. Spectra were acquired at a scan speed of 20 nm · min −1 , with a 2 nm bandwidth and 1 s integration time. The spectra were measured five times, averaged and corrected by subtraction of the solvent spectrum obtained under identical conditions. Results are expressed in terms of molar ellipticity ([θ ]). The fraction of unfolded protein F U at various GdmCl concentrations was calculated using the following equation [15] :
where θ is the observed molar ellipticity at a given GdmCl concentration, θ U is the molar ellipticity when the protein is completely unfolded and θ N is the molar ellipticity of the native protein.
Cross-linking experiments
The stock solution of DSP (2 mM) was prepared in DMSO. Crosslinking experiments were performed in buffer C supplemented with the required GdmCl concentration. Protein (20 µmol) was mixed with 50 µmol of DSP in a total volume of 200 µl. The mixture was incubated for 2 h at 25
• C. The excess of free crosslinking reagent was eliminated by adding 10 µl of 1M Tris/HCl, pH 8.0 and incubating for 15 min on ice. GdmCl-denatured and cross-linked samples were then dialysed for 2 h against buffer D [50 mM Hepes, pH 7.6, supplemented with 200 mM KCl, 1 mM EDTA and 5 % (v/v) glycerol] and subjected to SDS/PAGE under non-reducing conditions (i.e. without 2-mercaptoethanol) [19] .
AU experiments
Sedimentation velocity experiments were performed with a Beckman Optima XLA instrument at 20
• C using optical absorption detection. BlaI and BlaI-NTD concentrations were 0.9 mg/ ml in all experiments. For BlaI-OP 1 experiments, one equivalent of DNA (OP 1 ) was added for two equivalents of BlaI. Buffer D was supplemented with the appropriate GdmCl concentration. BlaI and BlaI-NTD samples (500 µl) and the buffer against which the protein had been dialysed were placed in cells fitted with double sector centrepieces and quartz windows. Sedimentation was accomplished at a rotor speed of 40 000 rev./min. Cells were scanned at 280 nm (or 292, 295 and 298 nm for the BlaI DNAbinding study); 10-20 scans were collected for each cell. The scans were analysed by the method of Stafford [20] . Apparent sedimentation coefficients S were corrected to S 20,w for both viscosity and temperature, as described elsewhere [20] . The densities and relative viscosities of the solutions were determined experimentally, and the partial specific volumes of the proteins were calculated from the amino acid sequences of the proteins.
SEC experiments
GdmCl-induced unfolding of BlaI was analysed by SEC using a Superdex 75 pre-packed FPLC column (10 mm × 300 mm, gel volume 24 ml; Amersham Biosciences) calibrated as described by Uversky [21] . The mobile phase was buffer D added with the required GdmCl concentration. Before injection, samples (50 µM) were filtered through a 0.22 µm filter (Millipore). Samples were eluted at a flow rate of 1 ml/min. All measurements were made at room temperature. The protein elution profile was monitored by recording the absorbance at 280 nm. Stokes radii (R s ) were estimated from the elution volumes (V e ) according to the equation: 1000/V e = 11.71 + 2.97 R s [21] . 6 . Proteins were incubated in 50 mM phosphate buffer, pH 7.6, supplemented with 200 mM KCl and 13 mM CHAPS for BlaI-CTD(His) 6 . The protein concentrations used were 0.5 mg · ml 
NMR studies
RESULTS
Purification and characterization of BlaI N-and CTDs
From a papain digest, BlaI-NTD (Met 1 -Ser 82 ) could easily be purified on an SP Sepharose Fast Flow column [11] , whereas BlaI-CTD (His 83 -Glu 128 ) could not be eluted. This was unexpected on the basis of the pI value of 5.1 computed according to the BlaI-CTD amino acid sequence. A hexahistidine tag was added to the C-terminal end of BlaI in order to purify the CTD [10] . Fragments generated by papain digestion of the purified BlaI(His) 6 were applied on to an Ni-NTA affinity column pre-equilibrated in buffer A. As expected, BlaI-NTD was eluted in the void volume, whereas BlaI-CTD(His) 6 was adsorbed and subsequently eluted with buffer B, which contained imidazole and 13 mM CHAPS. Addition of a mild zwitterionic detergent (CHAPS) was necessary to prevent BlaI-CTD(His) 6 aggregation both upon elution and during all subsequent experiments. The yield of BlaI-CTD(His) 6 purification was very poor (5 %). N-terminal sequencing and MALDI-TOF experiments revealed that BlaI-NTD extends from amino acids 1-82 (molecular mass 9490 Da) and BlaI-CTD(His) 6 from residues 92-134 (molecular mass 4220 Da). MALDI-TOF-MS also highlighted the presence of multimeric forms of the BlaI-CTD(His) 6 fragment. These results are in good agreement with those obtained by sedimentation velocity and cross-linking experiments. Indeed, in the stoichiometric mixture of BlaI-NTD and BlaI-CTD present in a papain digest, only BlaI-CTD could be cross-linked by DSP ( Figure 3A) , and during velocity sedimentation experiments BlaI-NTD behaved as a monomeric protein (results not shown). To verify that BlaI-CTD(His) 6 was folded in the presence of CHAPS, far-UV CD spectra were recorded. As shown in Figure 3 (B), BlaI-CTD(His) 6 exhibits a high percentage of α-helix. The α-helical contents of BlaI, BlaI-NTD and BlaI-CTD(His) 6 were calculated as a function of the molar ellipticities at 222 nm ( Figure 3B ; also see Figures 7A and 7B) [22] , and found to be 33 %, 25% and 53 % respectively. These values are lower than those obtained from the known X-ray structure of the S. aureus MecI repressor (64 % for MecI, 53 % for MecI-NTD and 81 % for MecI-CTD) [13] and from the solution structure of the B. licheniformis BlaI-NTD (43 %). MS and CD spectroscopy confirm that BlaI-CTD(His) 6 is well folded in the presence of CHAPS, and that it retains its ability to form oligomers. On the other hand, the purified NTD binds its DNA operator with a 500-1000-fold reduced affinity [11] , despite the fact that it is no longer able to dimerize, as shown by sedimentation velocity experiments (results not shown).
GdmCl-induced reversible denaturation of BlaI and of its separated fragments
The reversibility of the GdmCl-induced denaturation of purified BlaI, BlaI-NTD and BlaI-CTD(His) 6 was studied by several analytical methods and by band-shift assay (for details, see the Materials and methods section). It was shown that, after removal of GdmCl by dilution concentration of the denatured protein: (i) 95 % of BlaI and BlaI-NTD intrinsic fluorescence intensity was recovered (results not shown); (ii) BlaI DNA-binding activity was regained, as revealed by band-shift assay experiments ( Figure 4) ; and (iii) the BlaI-CTD(His) 6 far-UV CD spectrum (results not shown), as well as the BlaI and BlaI-NTD 1 H/ 15 N-HSQC NMR spectra, were fully recovered (see the NMR studies section below).
Intrinsic fluorescence of BlaI and BlaI-NTD
The primary structure of BlaI highlights two tryptophan residues at positions 19 and 39, and four tyrosine residues at positions 68, 77, 90 and 116. Only the latter two tyrosine residues are located in BlaI-CTD. Excitation wavelengths of 280 and 295 nm resulted in similar emission spectra, indicating that the tyrosine residues and, hence, the C-terminal part of the protein do not significantly contribute to the fluorescence spectra.
The BlaI unfolding transition was monitored by following the changes of fluorescence emission intensity and of the maximum fluorescence emission wavelength (λ max ) in the presence of different GdmCl concentrations. Time-dependent changes in fluorescence emission intensity at increasing GdmCl concentrations showed significant changes within the first 5 min of incubation and no further modification after the next 12 h, suggesting that an incubation time of 2 h was sufficient to achieve equilibrium at any GdmCl concentration (results not shown).
Intrinsic fluorescence emission spectra of native and unfolded proteins are shown in Figure 5 (A). The native state is characterized by a λ max at 342 nm. The denaturation process is accompanied by both a decrease in fluorescence intensity and a red-shift of the λ max to 352 nm, which indicates a complete exposure of the tryptophan residues to the aqueous solvent. Figure 5(B) shows the changes in the λ max of BlaI and BlaI-NTD in the presence of increasing GdmCl concentrations, and revealed that BlaI and BlaI-NTD have the same behaviour upon GdmCl unfolding, with their transition midpoints at approx. 4 M GdmCl. Experiments performed in the 1-10 µM protein concentration range gave identical results.
Urea-induced unfolding of BlaI was also monitored by following the changes in intrinsic tryptophan fluorescence intensity at different denaturant concentrations, and showed that ureainduced unfolding took place at approx. 8 M urea (results not shown).
Unfolding of the C-terminal part of the protein, which cannot be monitored by intrinsic fluorescence, was analysed specifically by far-UV CD and ANS fluorescence.
ANS fluorescence
ANS has been widely used as a sensitive reporter of apolar regions in proteins and as a probe for protein non-native, partially unfolded conformations [23] [24] [25] . Such intermediates are characterized by the presence of solvent-exposed hydrophobic clusters. The binding of ANS to apolar regions of proteins results in a significant enhancement of ANS fluorescence intensity and in a pronounced blue-shift of the λ max [23] .
The existence of partially unfolded intermediates was investigated by monitoring the binding of ANS to BlaI, BlaI-NTD and BlaI-CTD(His) 6 in the presence of increasing GdmCl concentrations (Figures 6A, 6B and 6C respectively). As shown in Figure 6 (A), a significant binding of ANS to BlaI occurs at 1.5-1.75 M GdmCl, as revealed by a blue-shift of the λ max from 500 to 445 nm, concomitant with a marked increase in ANS fluorescence intensity (results not shown). A further increase in the GdmCl concentration results in the transfer of the ANS molecules from a hydrophobic to a hydrophilic environment. The binding of ANS to BlaI-NTD ( Figure 6B ) and BlaI-CTD(His) 6 ( Figure 6C ) was also analysed. BlaI-NTD binds ANS at the same GdmCl concentration as BlaI, but the blue-shift of the λ max value is much smaller. On the other hand, BlaI-CTD(His) 6 exhibits quite a different ANS-binding curve measured against GdmCl concentration. The binding of ANS to the native protein fragment suggests the presence of solvent-accessible, non-polar clusters in the C-terminal part of the native BlaI protein, as reported for the homologous S. aureus MecI protein [13] . Indeed, the crystallographic 3D (three-dimensional) structure of the dimeric MecI protein reveals the presence of two hydrophobic cavities between the CTDs of each monomer (Figure 2 ). On the other hand, the variation of ANS binding to BlaI and BlaI-NTD with increasing GdmCl concentrations suggests that BlaI unfolding is accompanied by the accumulation of at least one intermediate with solvent-accessible, non-polar clusters. In order to obtain a further insight into this aspect, the secondary, tertiary and quaternary structures of the protein were studied by CD spectroscopy, gelfiltration chromatography, cross-linking experiments, AU and NMR spectroscopy.
CD studies
Far-UV CD spectroscopy was used to monitor changes in BlaI and BlaI-NTD secondary structures upon GdmCl-induced unfolding. The far-UV CD spectra of BlaI and BlaI-NTD in their native and unfolded states are shown in Figures 7(A) and 7(B) respectively. Both spectra are very similar, and exhibit strong positive maxima at approx. 195 nm and two negative minima at 208 and 222 nm, typical of proteins containing α-helical secondary structures. Incubation of BlaI in GdmCl solutions results both in changes in the shape of the CD spectra and in a GdmCl-concentrationdependent loss in ellipticity. The changes in BlaI ellipticity values at 222 nm with GdmCl concentration highlight two sharp and well-separated transitions ( Figure 7A, inset) . The first transition occurs at approx. 1 M GdmCl, and is followed by a plateau between 1 and 3.5 M, whereas the second transition occurs 6 Changes of the emission λ max of ANS bound to (A) BlaI, (B) BlaI-NTD and (C) BlaI-CTD(His) 6 as a function of GdmCl ('GdnHCl') concentration. Spectra were recorded at 25 • C. Proteins (25 µM) were incubated in 50 mM phosphate buffer, pH 7.6, supplemented with 200 mM KCl and also 13 mM CHAPS for BlaI-CTD(His) 6 . The ANS concentration was 500 µM. The excitation wavelength was 350 nm.
at approx. 4 M GdmCl. Only approx. 15 % loss of secondary structure is associated with the first transition, indicating only partial unfolding of BlaI molecules under these conditions. The unfolding transition of the isolated BlaI-NTD fragment monitored by CD at 222 nm is monophasic ( Figure 7B , inset) with a transition midpoint identical with that of the second transition of the fulllength BlaI.
Intrinsic fluorescence data ( Figure 5B ) suggest that the BlaI-NTD 3D structure is not modified at GdmCl concentrations below 4 M. Thus the transition monitored by far-UV CD at approx. 1 M GdmCl ( Figure 7A ) is likely to be due to the unfolding of the C-terminal part of the protein. This hypothesis is in agreement with the ANS fluorescence experiments performed with BlaI-CTD(His) 6 (Figure 6C ), which show that ANS binds to the native CTD and is completely released after the addition of 1 M GdmCl.
As an alternative probe for tertiary structure changes, the BlaI CD spectrum was also measured in the 250-300 nm range. In the absence of denaturant, the spectrum shows a broad negative band with a minimum at 282 nm ( Figure 7C ). In the presence of increasing GdmCl concentrations, a progressive decrease in the CD signal is observed between 1-5 M GdmCl (Figure 7C, inset) . A possible explanation for this apparent discrepancy between the two optical techniques is that the near-UV CD signal arises from aromatic residues other than those responsible for the intrinsic fluorescence of the protein. Thus the two tyrosine residues (Tyr 90 and Tyr 116 ) belonging to the CTD might well contribute significantly to the near-UV CD spectrum of the native BlaI protein, and hence explain how the unfolding transitions observed by fluorescence ( Figure 5B ) and near-UV CD ( Figure 7C , inset) measurements are not superimposable. Note that with both techniques, complete unfolding of the protein is achieved in the presence of 5 M GdmCl.
NMR studies
The influence of increasing the GdmCl concentration on the structural changes of BlaI and BlaI-NTD has been monitored by recording 1 H/ 15 N-HSQC NMR spectra ( Figures 8A and 8B ) [26] [27] [28] . These NMR spectra highlighted the fact that the BlaI NTD behaves exactly the same upon GdmCl denaturation in the full-length protein or in BlaI-NTD.
In the BlaI native HSQC spectrum ( Figure 8A , top left panel), only the cross-peaks corresponding to the 82 N-terminal amino acids can be assigned [11] . CD studies showed that the CTD contains elements of secondary structure, but the dynamic features are such that it cannot be resolved by NMR spectroscopy [11] . Upon increasing the GdmCl concentration ( Figures 8A and 8B , top right panels), chemical shift variations of 0.08 p.p.m. (δ H ) maximum are observed in solvent-exposed parts of the protein, i.e. residues 6-9, 73-80 (NTD N-and C-terminal ends respectively), 61-63 (Wing 1) and 68 and 69 (β-strand 3). These shifts are due to the modification of the electrostatic environments of these residues caused by an increasing salt concentration. Chemical shifts of residues belonging to the core of the protein remained unchanged up to 4 M GdmCl ( Figures 8A and 8B , lower right panels). At 5 M GdmCl, all signals have been replaced by signals characteristic of the denatured state ( Figures 8A and 8B, lower right panels) . These data show that a total and abrupt denaturation of the N-terminal part occurs for both BlaI and BlaI-NTD between 4 and 5 M GdmCl.
After removal of GdmCl by extensive dialysis against buffer C, the BlaI and BlaI-NTD native spectra are fully recovered ( Figures 8A and 8B , lower left panels). These data, combined with the full recovery of the biological activity after an unfolding/ refolding cycle, unambiguously demonstrate that the BlaI and BlaI-NTD unfolding processes are fully reversible.
The NMR results confirm that the NTD of the entire BlaI protein is natively folded at 1 M GdmCl, and hence that the transition monitored by far-UV CD spectroscopy at approx. 1 M GdmCl is most likely to be due to the unfolding of the CTD. Conversely, the transition monitored by far-UV CD, intrinsic fluorescence and NMR at approx. 4 M GdmCl is associated with the unfolding of the NTD. However, these results do not supply any information about the oligomerization state of BlaI. To study this phenomenon, three other experiments were performed: crosslinking experiments with DSP [30, 31] , sedimentation velocity experiments [32] and SEC [33, 34] . Figure 9 (A) shows the electrophoretic behaviour of the BlaI protein after covalent cross-linking with DSP in the presence of various GdmCl concentrations. In the 0-1 M GdmCl concentration range, the tetrameric, dimeric and monomeric forms coexist. At 2 M GdmCl, both dimeric and monomeric species are present, but the proportion of dimer decreases. At 3 M GdmCl and above, only the monomeric species can be detected. . The latter spectra (lower left panels) demonstrate the full renaturation of the unfolded proteins after removal of the denaturant (for further details, see the text and the Materials and methods section). A decrease of peak intensity was observed for all 1 H/ 15 N cross-peaks upon increasing the GdmCl concentration. This was due to the change in the quality factor of the probe (Q factor) linked to the presence of high amounts of salt [29] . . BlaI (60 µM) was incubated in 50 mM Hepes buffer, pH 7.6 containing 200 mM KCl, 1 mM EDTA, 5 % glycerol and supplemented with the required GdmCl concentration. The samples were centrifuged at 40 000 rev./min and scans were collected every 15 min at a wavelength of 280 nm. Sedimentation coefficients were calculated according to the method of Stafford (see [20] ).
Cross-linking with DSP and SDS/PAGE analysis
AU studies
Equilibrium AU experiments were performed in a BlaI concentration range of 10-30 µM, and revealed that monomer, dimer and tetramer co-exist in solution with a [tetramer]/[dimer] ratio equal to 10 −5 :1 [4] . Sedimentation coefficients (s 20,w ) determined in the 0-5 M GdmCl concentration range are shown in Figure 9 (B). Between 0 and 1.5 M GdmCl, a decrease in the s 20,w values was observed, probably due to the release of water bound to the protein. Between 1.5 and 2.5 M, a further decrease in s 20,w values occurred, probably corresponding to the dissociation of the dimers into monomers. Above 2.5 M GdmCl, only BlaI monomers were observed. In conclusion, cross-linking and sedimentation velocity experiments reveal that the dissociation of the dimeric protein into monomers takes place at approx. 2.5 M GdmCl.
SEC experiments
The behaviour of BlaI upon gel filtration was analysed under both native and denatured conditions [21, 33, 34] . Figure 10 shows BlaI elution profiles at different denaturant concentrations. Native BlaI elutes as a single peak with a V e of 11.2 ml, corresponding to an R s of 26.1 Å (1 Å = 0.1 nm). When the GdmCl concentration is increased to 1.5 M, the peak is shifted to a smaller V e (10.5 ml). This 10 % increase in the R s value to 28.1 Å suggests a transition to a slightly more expanded compact intermediate state [21] . At approx. 2.5 M GdmCl, the peak is shifted to a higher V e of 11.9 ml, corresponding to an R s value of 24.4 Å. This peak should correspond to the monomeric protein, as revealed by crosslinking and sedimentation velocity experiments. The CTD of this monomeric protein should be unfolded, and the N-terminal part 'native-like' (Figures 7A and 7B) . At 4 M GdmCl and above, the peak is shifted to a smaller V e , and at 6 M GdmCl, the V e corresponds to an R s value of 34.3 Å (V e = 8.8 ml).
GdmCl-induced loss of BlaI DNA-binding activity
To highlight the loss of the BlaI DNA-binding property upon GdmCl addition, sedimentation velocity experiments were 
DISCUSSION
Previous NMR studies suggested that the CTD of the BlaI repressor was not well folded, or that it may exhibit a high degree of flexibility [11] . For better characterizing the BlaI CTD, we purified BlaI-CTD(His) 6 in the presence of CHAPS to prevent its aggregation. Far-UV CD studies of BlaI-CTD(His) 6 highlighted the presence of α-helices in the purified BlaI-CTD domain (Figure 3 ). The GdmCl-induced unfolding of BlaI monitored by far-UV CD revealed two transitions at 1 and 4 M GdmCl respectively, whereas the far-UV CD GdmCl-induced unfolding of BlaI-NTD revealed one single transition at 4 M GdmCl. Moreover, ANS binding to BlaI-CTD(His) 6 showed that the λ max of emission increased with the GdmCl concentration, and reached a constant maximum value at approx. 1 M GdmCl. At this point, it was assumed that the CTD of BlaI was well folded in the native repressor, and that the unfolding of this domain occurred at 1 M GdmCl. Cross-linking, sedimentation velocity and gel-filtration experiments showed that the dimer-monomer transition occurred at 2.5 M GdmCl. On the basis of all the experiments, the unfolding of BlaI can be described by the multi-step pathway depicted by Scheme 1.
In absence of GdmCl, BlaI is mainly present as a dimer (D state) [9] . After addition of 1 M GdmCl, unfolding of the CTD takes place as shown by comparing the far-UV CD spectra of BlaI and BlaI-NTD ( Figures 7A and 7B ) and by ANS fluorescence experiments ( Figure 6C ). The NTD retains its native structure, as shown by NMR experiments ( Figure 8B) (Figure 6A ), an increase in the hydrodynamic volume compared with the folded state ( Figure 10 ) and a high content of native-like secondary structure ( Figure 7A ). On the basis of these experimental results, one cannot be sure that the first and second steps occur successively and not simultaneously. In fact, the small increase in size of the 'ANS-bound' intermediate state should be concomitant with the unfolding of the CTD. In this case, the first two intermediate states should be replaced by one single intermediate state.
Further increase in the GdmCl concentration (at approx. 2.5 M) results in the dissociation of the dimeric 'ANS-bound' intermediate state into partially unfolded monomers (M state), as shown by cross-linking, sedimentation velocity and gel-filtration experiments. The M state is characterized by a native NTD (see the results for the intrinsic fluorescence and NMR experiments described above) and an unfolded CTD.
At denaturant concentrations above 4 M, intrinsic fluorescence, near-and far-UV CD and NMR spectroscopies showed that BlaI completely loses its secondary and tertiary structures, and exists as an expanded monomer (U state). Moreover, 1 H/ 15 N-HSQC NMR spectra and intrinsic fluorescence experiments highlighted the fact that the N-terminal part of BlaI and the isolated BlaI-NTD have exactly the same behaviours upon GdmCl unfolding, i.e. a co-operative and total denaturation of the whole domain. In conclusion, the GdmCl-induced unfolding pathway of the dimeric BlaI repressor occurs in a four-step process. During the first step, the unfolding of the BlaI CTD occurs at approx. 1 M GdmCl, followed in the second step, by the formation of an 'ANS-bound' intermediate state at approx. 1.5-1.75 M GdmCl. The third step at approx. 2.5 M GdmCl involves the dissociation of the dimeric intermediate, and generates two partially unfolded monomers. Finally, the unfolding of the BlaI NTD leads to the complete denaturation of the whole protein at approx. 4 M GdmCl.
These results confirm that the N-and C-terminal BlaI domains are totally independent from each other, and show that they are both well-folded domains [11] . Similar sequential, independent unfolding events of distinct domains have been reported for many proteins, such as SpnHL (Streptococcus pneumoniae hyaluronate lyase) [35] , papain [36] , thermolysin [37] , urokinase [38] , human interferon-α [39] , streptokinase [40] , subunit IIABman of the mannose transporter of Escherichia coli [41] and aminoacylase [19] .
Whereas the NTD is compact and relatively stable upon denaturation, the CTD is more sensitive to the denaturant conditions and exhibits a larger flexibility. On the basis of the sequence similarities between the CTDs of B. licheniformis BlaI and S. aureus MecI, it can be supposed that BlaI-CTD presents a fold similar to that of MecI-CTD. In particular, most of the hydrophobic residues involved in the C-terminal helixhelix dimeric contacts of the 3D-structure of the MecI repressor are conserved between BlaI and MecI. Garcia-Castellanos et al. [13] reported that two side chains of α-helix 1 (residues Trp 13 and Asn 17 ) of each NTD contribute to the dimer stabilization by interacting with helices α4 and α5 of the CTD. These interactions do not exist in BlaI, as shown by the NMR spectra, or by comparing the behaviour of the NTD and CTD fragments to that of the whole protein. Moreover, the residues involved in these interactions are not conserved in BlaI (Trp 13 is a leucine residue in BlaI, and Asn 17 is a lysine residue). In conclusion, the BlaI CTD must have a fold similar to that of MecI-CTD, but without contacts with the NTD. However, these results do not explain why the (D') intermediate state remains dimeric, although its CTD responsible for dimerization is unfolded. It can be assumed that the dimer is stabilized by hydrophobic interactions between the two unfolded CTDs [42] .
As described previously [9] , the complex between a BlaI monomer and its DNA target cannot be detected due to the high co-operativity of the binding reaction. By contrast, a BlaI dimer interacts with its DNA target with a high affinity (K d 4 × 10 −11 M). Moreover, Van Melckebeke et al. [11] have shown that BlaI-NTD, which has lost its ability to dimerize, has a DNA-binding affinity 500-1000 times lower than that of the full-length protein.
In the present study, we confirm the importance of the CTD of BlaI for its DNA interaction and for its inactivation during the β-lactamase induction. Indeed, our sedimentation velocity experiments showed that BlaI progressively lost its DNA-binding activity at concentrations of between 0.75 and 1.75 M GdmCl. At 1 M GdmCl, the BlaI CTD is unfolded, and approx. 35 % of BlaI DNA-binding activity is lost. At 1.75 M GdmCl, BlaI exists in solution as an 'ANS-bound' intermediate state, and has completely lost its high affinity for its DNA target. The two NTDs are probably far from each other, and this prevents the co-operative interactions necessary for the high affinity of BlaI for its DNA target. In conclusion, perturbation of the CTD of BlaI could initiate the disassembly of the BlaI-DNA complex and the loss of the repressor activity. This scenario is in agreement with the hypothesis that a co-activator could destabilize the CTD of the repressor [3] . The high sensitivity to GdmCl and the great flexibility of the CTD reflects thermodynamical and dynamical properties that may be essential for the inactivation of BlaI by the binding of the co-activator during the induction process. In S. aureus, the elimination of the BlaI/MecI dimerization domain by a point proteolytic cleavage results in the inactivation of the S. aureus repressors during the induction process [43] . Examination of the MecI 3D structure shows that the NTD and CTD interact with each other. On the other hand, in B. licheniformis BlaI, NMR experiments highlighted the complete independence of the two domains. Supposing that the contacts between the NTD and CTD of MecI are not crystallographic artefacts, we may surmise that this structural difference between B. licheniformis BlaI and S. aureus MecI could play a role in the different induction processes of these repressors. Identification of the putative coactivator and analysis of its effect on the quaternary structure of BlaI should completely clarify the induction mechanism.
